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Contract No.: FA9550-05-C-0007
Program Title: "Low-noise Avalanche Photodiodes for Midwave Infrared (2 to 5 pm) Applications"
Contractor: Princeton Lightwave Inc.
Principal Investigator: Mark Itzler

Final Report: 14 August 2005

1. Phase I Project Objectives

Our objectives for Phase I of this STTR program were to demonstrate:
(1) a viable absorption layer structure for high performance photodetection in the mid-

wave infrared (MWIR) spectral range,
(2) a high performance avalanche multiplication region compatible with the MWIR

absorber, and
(3) an initial prototype of a separate absorption and multiplication (SAM) MWIR APD

design based on the chosen absorber and multiplication regions.

To satisfy Objective (1), we targeted Sb-based materials showing promise for high-performance
MWIR absorption. Our strategy was to work with absorbers based on GaxJInl-.As/GaAsySbl-y
Type-II heterostructures, and specifically, we have demonstrated a superlattice based on
alternating layers of Ga0 .471n0.53As and GaAs 0 .51 Sb0 .49 that is lattice-matched to InP substrates and
exhibits a cutoff wavelength of -2.5 gim. We have also performed modeling which shows that
with the introduction of compensated strain into the GainAs/GaAsSb superlattice, we can extend
the absorber cutoff wavelength to nearly 5 gtm to cover the entire MWIR spectral range.

Because the GalnAs/GaAsSb superlattices chosen for the absorption layer are compatible with
InP substrates, Objective (2) can be met through the use of well-established InP-lattice-matched
avalanche multiplication regions such as bulk InP, bulk AlInAs, and InP-based impact ionization
engineered structures.

Combining the results obtained for Objectives (1) and (2), we have met Objective (3) by
demonstrating functional MWIR APDs that have been characterized over a temperature range of
200 - 300 K. Using the GalnAs/GaAsSb absorption region with a 2.5 jtm cutoff wavelength, we
have fabricated and characterized two APD structures: (i) an electron injection structure based on
a bulk AlInAs multiplication region, and (ii) a hole injection structure based on a bulk InP
multiplication region. Both of these device structures were fabricated into mesa geometry APDs.
Additionally, because the hole injection structure is compatible with the fabrication of planar
geometry devices, we also grew epitaxial APD structures for creating planar diffused junction
devices that promise to provide lower surface leakage and long-term high reliability.

The remainder of this Final Report includes the following sections:
2. Phase I Results on GalnAs/GaAsSb Type-II Heterostructure p-i-n Photodetectors
3. Phase I Results on GaInAs/GaAsSb MWIR Avalanche Photodiode (APD) Devices
4. Modeling of GalnAs/GaAsSb Type-II Heterostructure using Model Solid Theory
5. Technological Feasibility of MWIR APDs based on InP Substrates

In these sections, we address the work performed and results obtained from our program
activities.
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2. Phase I Results on GaInAs/GaAsSb Type-TI Heterostructure p-i-n photodetectors

2.1 Summary of Phase I p-i-n photodetector results

The bulleted list below summarizes the key Phase I performance achievements specifically related
to the development of GaInAs/GaAsSb superlattice absorbers:

e Dark current densities of approximately 5 mA/cm2 and 10 pA/cm2 at 295K and 200K,
respectively, for a 64 gm diameter Ga0.47In 0.53As/GaAs 0.51Sb0 .49 p-i-n photodiode.

e A calibrated external quantum efficiency of 43% at 2.23 gm

9 Specific detectivities as high as 7x1010 cm-HzV/W at 200 K

A detailed discussion of these results is presented in the following sub-sections.

2.2 Approaches to Longer Wavelength Detection on InP substrates

Previous work on extending the detection wavelength possible on InP substrates has focused on
adding nitrogen to GaInAs[1,2] or using strain-compensated GaInAs quantum wells[3]. These
efforts have led to emission/detection wavelengths of 2.04 gm and 1.9 gim, respectively.

The approach we selected to pursue in Phase I for extending the absorption region cutoff
wavelength is based on a superlattice consisting of GaxlnjxAs and GaAsySbliy. The band
structure for this superlattice is shown in Figure 1, where in the particular superlattice illustrated,
the GaInAs and GaAsSb layers are both lattice-matched to InP.

Gao.AN 3As
0.77eV

It CB

AEc=0.29eV

0.49eV Z 2.5 pm

Ei=0.27eV 

V '

GaAsoASbo.5
0.79eV

Figure 1: Calculation of the band lineup between lattice-matched GaAsSb and GaInAs on an InP
substrate using the Model Solid Theory[4].

Optical transitions for this heterostructure occur between the valence band in the GaAsSb and the
conduction band of GaInAs. Thus, the detection wavelength is not a direct function of the band
gaps of the GalnAs and GaAsSb used. This provides a number of advantages for MWIR
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detection. First, a large (> 0.7 eV) direct band-gap for both GaInAs and GaAsSb should lead to a
lower thermal carrier generation rate than a material with a direct band gap related to the cutoff
wavelength (in this case, 0.49 eV). This should result in a significant reduction in dark currents.
Second, the variation of layer thickness and the addition of strain compensation between the two
layers can be used to tune the detection cutoff wavelength to longer wavelengths since these
design inputs affect the formation of mini-bands in the superlattice structure and dictate the
resulting effective bandgap. This flexibility to customize the detector cutoff wavelength using
straightforward superlattice design modifications is a tremendous benefit of the superlattice
approach. The GaInAs/GaAsSb superlattice structure will be described in greater detail below in
the section covering Phase I modeling using the Model Solid Theory[4].

2.3 MBE Growth of GaInAs/GaAsSb Type-II Heterostructures

MBE growth is normally carried out under a group-V overpressure (i.e. V/III ratio > 1). Under
these conditions, the sticking coefficient of group-III atoms is very close to unity. However, the
group-V atoms of different species have to compete for a limited number of anion sites. This
leads to a strong dependence of the alloy composition on the growth conditions. Antimony
incorporation in III-AsSb is strongly dependent on the various growth parameters, namely,
substrate temperature, group III growth rates, and As and Sb beam equivalent pressures (BEPs).
We studied this dependence by growing GaAsySbi~y strained quantum wells (QWs) on GaAs, and
GaAsySbliy and A1AsySbjiy bulk layers on InP. We observed that with increasing growth
temperature, the Sb incorporation in the films decreases because of increased Sb desorption from
the substrate at higher growth temperatures. Sb incorporation was also seen to increase with
increasing group-III growth rate. This suggests that at higher group-III growth rates, there are
more cations available for Sb adatoms to bond with, which keeps the Sb atoms from desorbing
from the surface. For the growth of both GaAsSb and AlAsSb, As seemed to incorporate
preferentially over Sb. Good lattice matching of AlAso.55Sbo.45 and GaAso.51 Sbo.49 on InP was
observed at both As and Sb BEPs of approximately 3.0x106 torr.

A modified Varian Gen-II solid-source MBE reactor, equipped with Al, Ga, and In effusion cells,
and As, P, and Sb valved crackers was used to grow the structures. Si and Be effusion cells were
used to provide the dopants. As and Sb beam equivalent pressures, determined by an ion gauge
and regulated by the valved crackers, were used to calibrate the compositions of III-AsSb
materials. Substrate temperature prior to and during the growth was determined by an optical
pyrometer. Optimal growth temperature was determined by comparing the PL intensity and peak
width of samples grown at different temperatures. For both strained GaAsSb on GaAs, and
lattice-matched GaAsSb on InP, the optimal growth temperature was found to be about 525°C.
For the growth of GalnAs/GaAsSb SLs, brief pauses were introduced between layers whenever
group-V flux needed to be changed. We have determined from previous experiments that such
short pauses lead to reasonably abrupt and high quality interfaces. Crystal composition and
quality were confirmed using high-resolution x-ray diffraction (HRXRD).

2.4 GaInAs/GaAsSb p-i-n Diode Device Structure and Fabrication

To demonstrate long wavelength light absorption using Type-II SLs, we designed a p-i-n
photodiode structure with 500nm thick Si-doped Gao. 471n 0.53As and 500nm thick Be-doped
Ga0 .471n0 .53As as the n- and p-layers, respectively. The i-region of this photodiode contained 150
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pairs of Gao.47Ino.53As(5nm)/GaAso.51Sbo.49(5nm) quantum wells lattice-matched to InP. A
schematic diagram of the device structure is shown in Figure 2.

500 nm p-
Ga..,,In0 .,As

45 nm Gan.,,In 3,As

t 1 0a.."ln,.,,As
150l pairs G @GAsUl~b,.,,:::::Jll aD4T~lnO•As

50 .ri Gao. , InnAs Figure 2: Schematic of the p-i-n device structure

using a GaInAs/GaAsSb Type-Il superlattice as

500 nm n- the absorption region.

Ga,,In3.,3As

N-type InP
substrate

Mesa devices of different diameters were fabricated using standard photolithography and wet
etching techniques. An etch chemistry of H3PO4:H20 2:H20 (1:1:10) was used for both GaInAs
and GaAsSb. Silicon dioxide was used to passivate the mesa walls to minimize edge leakage
currents. Ti/Pt/Au and AuGe/Ni/Au were deposited for p- and n-metal contacts using
photolithography and liftoff techniques. Electroplated Au air-bridges were used to connect the p-
metal from the mesa tops to the p-pads. N-pads were deposited directly on the n-metal contacts.
Devices were contacted by wire-bonding to the p- and n- pads.

2.5 Current-Voltage Characteristics for GaInAs/GaAsSb p-i-n diodes

Room temperature I-V characteristics were measured using an Agilent 4156B semiconductor
parameter analyzer. Dark current density at a reverse bias of 1 V was less than 5 mA/cm2 at room
temperature. Dark current data from devices of different diameters showed a good quadratic fit to
the device diameter. This scaling of the dark current with device area implies that most of the
dark current is generated in the bulk of the devices with negligible contribution from edge
leakage. To further understand the mechanisms contributing to the dark current, I-V
measurements were taken at different temperatures. Dark I-V curves at temperatures from 200 K
to 295 K are plotted in Figure 3.

For these devices, the dark current at low bias drops rapidly with temperature; this is
representative of thermal generation dominating the dark current in the low-bias regime. High-
bias dark current has a relatively weaker dependence on temperature, representative of tunneling
dark current. Low-bias dark current was plotted against l/T, and the activation energy for thermal
generation of carriers was calculated from a linear fit to the data; see Figure 4. The activation
energy at a reverse bias of 2 V was calculated to be 0.326 eV. This energy is near the mid-
bandgap energy of both Gao.471n0.53As (0.77 eV at 293 K) and GaAs0 .51Sb0 .49 (0.79 eV at 293 K),
suggesting that generation through mid-gap traps is the dominant contributor to dark current at
this bias[5]. The possibility that this leakage mechanism through mid-gap states of the constituent
superlattice materials remains the dominant leakage mechanism for longer cutoff wavelength
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superlattice compositions is very promising for achieving exceptionally low dark current with
longer wavelength detectors based on this platform.

10-5

10-

1 0 -7 ... .. .. ... .... ................ ................... ...... . ........ ..... ........ . .. . ............. ... ......

1l 0 -9, . ...................... .. ...................... ................................ - 2 5

1 0- 275K
- 250K
- 225K

_ 200K
10.10 "

0 10 20 30 40
Reverse bias (V)

Figure 3: Dark current vs. voltage from a 64tm diameter p-i-n device based on a GalnAs/GaAsSb
superlattice lattice-matched to an InP substrate, measured at different temperatures between 200 and 295 K.

In( 1
d) VS lIT

641pm diameter device

* -2V; Ea = 0.326 eV

-16 * 5 Ea=0.3 18 eV

-18

-20
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0.0030 0.0035 0.0040 0.0045 0.0050
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Figure 4. Linear behavior of dark current (see Fig. 3) versus l/T indicates that leakage is dominated by
thermal generation of carriers. Extracted activation energies at -2 and -5 V are close to mid-gap states of
GaInAs and GaAsSb, consistent with generation-recombination current leakage.
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2.6 Quantum Efficiency and Detectivity

Spectral response of the device was measured using a Nicolet Magna-Il FTIR spectrometer and a
current pre-amplifier. Since reporting preliminary results in interim reports for this program, we
have taken considerable care to improve the measurement accuracy and greatly reduce any
remaining errors in the measurements. The FTIR response of the GaInAs/GaAsSb photodiode
was measured through .a 1800 nm long-pass filter using a black-body source held at 10000 C.
This helped to remove the noise from the FTIR below 1.7 gin. To account for variations in the
black body source, two calibrated detectors were measured (PbS and relaxed GaInAs) in the
system, and the results were used to calibrate the results for our detectors. The calibration curves
for the PbS and relaxed GaInAs detectors lead to similar results for the GaInAs/GaAsSb
photodiodes. Figure 5 shows the normal incidence photoresponse of the device at a reverse bias
of 2 V as a function of temperature.

Type I Type It
1.0 -.--.-- ~ -00K1.0

200K ~ 0.9 ......

08 - .250K 0.8 ... ... ..........

275K 0.72o5K ........................... .............. ....... ................. ..,,...............0.
• \~0. ... ..... ... .........

=Ii~~~........ ................. ......................................-- - -................................o .
0.40.4

~0.2 E 0.2 . .. ............
01

r.0 1 * ' I I I ! I 0.0

14151,6 1.7119 2.0 21 222.324 25 26 272.8 1.6 1.8 2.0 2.2 2.4 2.6 2.8
Wavelength (pm) Wavelength (prm)

Figure 5: Normalized FTIR response for a 64 gm Figure 6: Room temperature quantum efficiency as a
diameter GaInAs/GaAsSb photodiode at 2 V reverse function of wavelength. The quantum efficiency at 2.26
bias. gm was 34%, and response was observed beyond 2.5 gm.

The Type-I (spatially direct) peaks from Gao.471no.53As and GaAso. 51 Sb0 .49 QWs are seen just
below 1.5jm, and the type-II (spatially indirect) response is apparent from 1.7jim to 2.5jm. As
expected, the peaks red-shift with an increase in temperature. The response magnitude also
increases with temperature due to photogenerated carriers having more energy to escape out of the
QWs and contribute to collected photocurrent at the electrodes. The room temperature quantum
efficiency spectrum is shown in Figure 6. This quantum efficiency was increased by the
improvement of the dielectric coating on the optically active area, as described below.

Specific detectivity (D*) as a function of wavelength was calculated from the responsivity and
dark noise current data (not shown). The measured noise current drops rapidly with temperature
down to 225K. Below 225K, the drop of noise current with temperature is reduced substantially.
The range of rapid reduction in the noise current is within the cooling range of a multi-stage
thermoelectric (TE) cooler. This low dark noise leads to high specific detectivity (D*) values
despite the reduced responsivity at lower temperatures. The D* vs. temperature data is shown in
Figure 7. The peak Type-II detectivity (D*) at room temperature was 3.8x10 9 cm-Hz'//W. Peak
type-IH detectivity (D*) at 275K and 200K were 1 x 1010 cm-Hz '/W and 5.6 x 1010 cm-Hzv2/W,
respectively. The rollover in D* is due to the slower reduction in noise current below 225K.
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Figure 7: Specific Detectivity D* for a 64 pm Figure 8: Initial peak external quantum efficiency of 34% at
diameter GaInAs/GaAsSb SL photodiode as a 2.23 pm for a device with a non-optimized anti-reflection
function of temperature. coating of 2000 A SiO2 was improved to 43% at 2.26 ptm by

increasing the coating thickness to 3800 A.

The data presented in Figures 5 and 6 was obtained for a device that had a coating of 2000 A of
SiO2 on the top surface, which results in approximately 20% back reflection of 2 jim to 2.5 jim
wavelength incident light. In order to improve the coupling of incident light, an additional 1800
A of SiO 2 was deposited to provide a more optimized anti-reflection (AR) coating on the top facet
of the detector. The calculated reflectivity from the top surface with 3800 A of SiO2 is
approximately 0.05 at 2.3 jim wavelength. The addition of this improved AR coating led to peak
external quantum efficiency of 43% at 2.23 jim. The room temperature external quantum
efficiency vs. wavelength curves for a device with the non-optimized (2000 A) and optimized
(3800 A) coatings are shown in Figure 8. Improved AR-coating led to a 22% increase in the
measured external quantum efficiency. A commensurate increase in the detectivity values is
expected for devices with the improved AR-coating, yielding a 200K detectivity of 7.1 x 101"
cm-Hz/2/W. Since the layers used for absorption in these devices are lattice-matched to InP, there
is no theoretical upper limit to the number of layers grown, and further increase in quantum
efficiency and detectivity can be achieved by incorporating more QWs in the absorption region.

3. Phase I Results on GaInAs/GaAsSb MWIR Avalanche Photodiode (APD) devices

3.1 Summary of Phase I MWIR APD device results

The bulleted list below summarizes the key Phase I performance achievements for MWIR APDs
based on GaInAs/GaAsSb superlattice absorbers with a cutoff wavelength of 2.5 jtm:

"• Design, fabrication, and characterization of functional MWIR AIPDs based on both electron
injection (bulk AllnAs) and hole injection (bulk InP) multiplication regions

"* Demonstration of hole injection APD performance from 200 K to 300 K, including:
- Gains in excess of 50 at 240 K
- Dark current < 1 nA for 36 gm diameter device for temperatures - 225 K
- Dark currents < 100 nA at 240 K and < 10 nA at 210 K for 160 gm diameter device
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Dependence on device dimensions of I-V characteristics for hole injection MWIR APDs
obtained at room temperature, shows areal scaling with minimal perimeter leakage effects

A detailed discussion of these results is presented in the following sub-sections.

3.2 Incorporation of 2.5 p•m GaInAs/GaAsSb superlattice absorber into full APD structure

Having demonstrated very promising performance for 2.5 gim cutoff Ga0.47In0.53As/GaAs0.49Sb0.51
type-II superlattice (SL) structures, along with a design path to reaching -5 gtm cutoff
wavelengths, our focus progressed to the incorporation of the 2.5 gim cutoff SL into a fully
functional APD structure. As we have stressed above, the fact that this SL heterostructure is
compatible with the InP-lattice-constant materials system allows us to leverage the extensive
experience we have in designing multiplication regions and full APD structures for InP-based
APDs. We have identified at least three possible choices for the multiplication region design:

(i) electron injection structures based on bulk A10.asrn0.52As, which is lattice-matched to InP;
(ii) hole injection structures based on bulk InP; and
(iii) impact ionization engineered multiplication regions based on heterostructures designed

with the InGaAlAs quaternary system, or with AlInAs/inP heterojunctions, both of with are
lattice-matched to InP.

Our initial approaches have included choices (i) and (ii) using InAlAs and InP bulk multiplication
regions, respectively.

3.3 Electron injection MWIR APD - AlInAs multiplication region

In Figure 9, we illustrate the design of an electron injection APD structure based on a 0.5 gim
thick undoped AlInAs multiplication region. This device is designed to seed avalanche gain by
electron injection because AllnAs more readily multiplies electrons than holes due to its larger
impact ionization coefficient for electrons. The 0.6 jim Ga0 .47In0 .53As/GaAs0.4 9Sb 0.5 1 SL absorber
has fewer periods than the absorption region we demonstrated above in our p-i-n structure, but is
otherwise identical in the design of the superlattice (i.e., each layer is 5 nm thick).

X-ray (004) rocking curve data for this wafer is shown in Figure 10. The satellite peaks from the
superlattice are sharp with full-width at half maximum (FWHM) of about 60 arc seconds,
implying high quality layers with abrupt interfaces and little or no compositional grading.

Initial characterization of the the electron injection APD shows proper APD functionality. In
Figure 11, we present 295 K (room temperature) I-V characteristics obtained for dark and
illuminated conditions. Punchthrough occurs at approximately 16 V, beyond which the device
shows gain. The dark current at 295 K with this initial structure is rather high, but after
subtracting the dark current from the I-V curve taken with illumination, we find a gain of about 5
at 40 V. We anticipate substantial improvement in device performance with cooling of the device
to thermoelectric cooler-accessible temperatures on the order of 200 K. First, we have already
shown in Figure 3 that upon cooling from 295 K to 200 K, dark current for this SL structure is
reduced by a factor of 300 - 500. Moreover, for operation at 295 K, this structure does not
contain enough doping in the AlInAs "charge" layer (see Figure 9) to maintain a low electric field
in the SL absorption region. However, at lower temperatures, the breakdown field of the AllnAs
multiplication region is reduced, so that at 200 K we should find substantially higher gains
between 20 V and 40 V, relative to the 295 K performance, along with greatly reduced dark
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current. We will also discuss our approach to modelling this temperature-dependent gain
behavior below.

5nim p-Ga, 471n JAs

5nm GaASO.51Sb0 .41 300nm ni~ 0 A

5nm Ga0 I7 n0 As
0.470.5311,5 Sb 49600nm u~d. "Absorption"

5nm GaAs0 5 ,Sb0 .49  Ga0 47ln0 53As/GaAsO.51 Sb0 .49 QWs
5nm Ga0 4,71n0 53As

5nm Ga~s 51Sb04  p-Al0 481n0 52As
S.B e = 2.x......h.

500nm u.d. AlG0.481nn 52As

"Multiplication"

500nm n-Al0 40Gao As

500nm n-Ga5o475n0 .5.As

F N-type lnP substrate

Figure 9. Epitaxial structure for electron injection 2.5 gim cutoff InP-based APD employing a lattice-
matched AllnAs multiplication region and GalnAs/GaAsSb superlattice absorber.

104 -

1 0?:

S102 -

t--.

101 -

10-1 I , , I

-10000 -5000 0 5000 10000

Relative seconds

Fig. 10. X-ray rocking curve data for electron injection 2.5 gim cutoff InP-based APD epi-wafer.
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P1 091
Reverse I-V and Gain
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Figure 11. Dark and illuminated I-V characteristics for an electron injection 2.5 pm cutoff InP-
based APD. A gain of 5 is exhibited after dark current subtraction.

3.4 Hole injection MWIR APD - InP multiplication region

Accompanying the growth of the electron injection MWIR APD described in the last section, we
have also completed the epitaxial growth of a hole injection MWIR APD with the structure
presented in Figure 12. In this device, we use a 0.8 gtm thick bulk InP multiplication region,
which more readily multiplies holes than electrons due to a larger impact ionization coefficient for
holes. The 1.5 jtm thick SL absorption region is of an identical SL design to that used the
electron injection design (and our earlier p-i-n demonstration devices), and the thin GaInAs and
GaInAsP layers are used as "grading" layers to smooth out the rather large valence band
discontinuity that would be created by growing the InP charge layer directly on top of the SL
absorber.

We have carried out simulations of the hole injection structure to determine the internal electric
field profile at breakdown, illustrated in Figure 13(a), as well as the gain dependence on voltage,
shown in Figure 13(b). These simulations made use of a local field model that does not account
for the history-dependence of the avalanche process, but this modelling approach has been shown
to be sufficiently valid for wider multiplication layers such as the 0.8 gm layer used for this
structure (see Figure 12).
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Figure 12. Epitaxial structure for hole injection 2.5 irm-cutoff InP-based APD employing a bulk InP
multiplication region and a GaInAs/GaAsSb superlattice absorber.
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It is a well-established fact that multiplication regions with a smaller ratio of impact ionization
coefficients provide lower noise and higher bandwidth performance for linear mode APDs. Since
the electron injection avalanche material AlInAs has a smaller ratio a/P than the ratio f3/a for the
hole injection avalanche material InP, AlInAs should provide superior APD performance.
However, the ability to implement our novel MWIR APD structure in a proven production device
platform will be of very significant value in transitioning this early stage development work into
near-term deployable products.

The well-passivated planar APD geometry based on dopant-diffused p-n junctions has shown
much better long-term stability and reliability of performance than mesa geometry APDs, and the
investigators at PLI have a decade of experience in fabricating near-infrared InGaAs/InP APDs
based on a platform that involves p-dopant diffusions to form a buried p-n junction with a planar
device geometry. This design platform can be applied to the hole injection structure shown in
Figure 12 by simply replacing the InP multiplication region and the layers above it with a thick
(e.g., -4 gm) undoped InP layer. With a well-controlled diffusion (e.g., to -0.1 gm accuracy) of
an appropriate p-dopant material (e.g., Zn), we can create a multiplication region of any desired
width by leaving a corresponding thickness of undoped InP. Shaping of the junction profile
through the use of special techniques (such as multiple diffusions) is an effective approach for
suppressing edge breakdown, and we have implemented this approach for large-volume
production of NIR telecommunications APDs.

In principle, one could hope to implement a similar planar geometry with AlInAs multiplication
regions, but because this material requires electron injection, the polarity of the entire structure
must be inverted. This would require the use of an n-dopant for the diffused junction formation,
and despite many years of InP-based photodiode development and production, no n-dopant has
yet been demonstrated that would be compatible with this photodiode device platform.

Therefore, we have used the epitaxial structure based on an InP multiplication region illustrated in
Figure 12 to process mesa geometry MWIR APDs for comparison with a similar structure to be
implemented in a planar geometry. Results for the mesa devices are presented below, and the epi-
wafer growth for the planar geometry device structure has been completed.

Initial results for our hole injection MWIR APD measured as a function of temperature are
summarized by the dark I-V characteristics presented in Figure 14 and the gain vs. voltage curves
presented in Figure 15 for a fairly large area 160 gm diameter mesa geometry APD. The dark
current characteristics (Figure 14) show that there is sub-nA leakage for voltages less than the
punchthrough voltage of -36 V. Beyond punchthrough, dark currents are as low as -10 nA at
210 K and -100 nA at 240 K. The breakdown voltage of -41 V at 210 K increases with increased
temperature, as expected, to -44 V at 240 K. In Figure 15, we show gain vs. voltage
characteristics that demonstrate a gain of -40 at 210 K and -50 at 240 K. Because the
punchthrough voltage is fairly high for these devices, there is already finite gain at punchthrough,
as indicated by the finite slope of the gain vs. voltage curves at 36 V. We have estimated that the
gain at this punchthrough voltage is approximately 2 in plotting these gain curves. Tailoring of
the structure to achieve lower punchthrough voltages by reducing the field control charge will
substantially reduce the uncertainty in the gain at punchthrough for future iterations of this
structure.
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Figure 14. Dark current characteristics for a hole Figure 15. Gain vs. voltage characteristics for a hole
injection MWIR APD with a 160 pm diameter mesa injection MWIR APD with a 160 ptm diameter mesa
geometry at 210 K, 240 K, and 300 K. Punchthrough geometry at 210 K and 240 K. Gains of >40 are
occurs at 36 V, and dark currents of less than 100 nA achieved before breakdown.
are found in the range of 210 - 240 K.

Further temperature-dependent dark current characteristics for our hole injection structure are
illustrated in Figure 16 for a 36 ptm diameter device fabricated from the same epitaxial structure
used in making the 160 pim diameter device for which data was presented in Figure 14. For this
smaller area detector, similar to the size of a single pixel in a typical focal plane array layout,
Figure 16 shows that sub-nanoampere dark currents are achieved for temperatures below 225 K,
easily accessible with thermoelectric cooling. Optical measurements on this device confirmed a
spectral response comparable to that presented in Figure 5.
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Figure 16. Dark I-V characteristics for a 36 pm diameter mesa geometry hole injection
APD measured for temperatures between 200 K and 295 K.
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We have also studied the room temperature I-V characteristics for the hole injection MWIR APD
structure for device diameters varying from 36 to 88 prm (see Figure 17). Devices consistently
showed gains up to about 40, and room temperature dark currents were on the order of 100 - 500
nA for the smaller diameters. Based on temperature-dependent data shown above, we expect to
find reduction of these dark currents by a factor of at least 100 for operation below -220 K.
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Figure 17. Room temperature dark current and photocurrent I-V characteristics for a hole injection
MWIR APDs with mesa geometry device diameters ranging from 36 to 88 pm. Right-hand scale
illustrates gain for the 36 pm diameter device.
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Figure 18. Room temperature dark current plotted as a function of device diameter for the data
presented in Figure 3 for hole injection MWIR APDs with mesa geometry device diameters ranging from
36 to 88 gm. Quadratic fit illustrates scaling of dark current with device area.
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Additionally, for the data presented in Figure 17, the scaling of dark current at low gains with
device diameter exhibits quadratic behavior, as seen in Figure 18, indicating that surface leakage
is minimal and dark current is likely to be dominated by bulk leakage from the superlattice
absorption region.

Finally, the compatibility of this hole injection structure with our fabrication platform for planar
geometry devices will allow us to efficiently translate this initial proof-of-concept success to the
highly reliable and manufacturable device process flow in which we use planar dielectric
passivation and dopant diffusion to form buried p-n junctions. We have already completed the
epitaxial growth of the hole injection (InP multiplication region) structure with a thick (4 gim)
undoped cap layer to accommodate our Zn diffusion process for creating p-n junctions. The
fabrication of these planar geometry devices and the comparison of their performance
characteristics (especially dark current) with the mesa geometry samples already characterized
will be a near-term activity in the continuation of this program.

3.5 Temperature-dependent APD gain simulations

As mentioned briefly in Section 2 with reference to the electron injection APD results, the design
of the APD charge distribution and the resulting internal electric field profile generally needs to
be optimized for a specific range of operating temperatures. This arises because the impact
ionization process is temperature-dependent and must be described by temperature-dependent
ionization coefficients. Physically, the origin of this temperature dependence is related to the
phonon scattering probability for carriers being accelerated in the multiplication region. At lower
temperatures, the reduction in phonon scattering events allows carriers to be achieve sufficient
kinetic energy for impact ionization at a lower internal electric field amplitudes. Therefore, for a
given field, higher gains will be obtained at lower temperature. (This phenomenon also explains
the decrease in breakdown voltage with lower temperatures.)

We have incorporated temperature-dependent impact ionization coefficients into the local field
model mentioned in the previous section for our simulation of APDs with InP multiplication
regions. The temperature dependence of InP material parameters has been sufficiently well-
studied that we have been able to find reasonable agreement among different authors after
surveying the technical literature. We are also in the process of trying to find comparable data for
the temperature dependence of impact ionization coefficients in AlInAs so that we can carry out
similar calculations for the electron injection structures and compare these with experimental
data.

4. Modelin2 of GaInAs/GaAsSb Type-II Heterostructure using Model Solid Theory

Another enormous advantage of the GaInAs/GaAsSb Type-II SL structure is that the composition
can be changed to allow tuning of the detector cutoff wavelength over the entire MWIR
wavelength range from 2.5 to 5 gm. As part of our Phase I effort, we have modeled the
GaxInl1 xAs/GaAsySbl-y heterostructure using the Model Solid Theory[4] to calculate the expected
detection wavelength cutoff. The Model Solid Theory also allows for computation of the effects
of epitaxial strain on the conduction and valence bands of the materials. Once that information is
found for a particular (x,y) combination (dictating the precise stoichiometry of the
GaxInl-xAs/GaAsySbi-y superlattice, the band offsets and Type-II band gap energy can be
determined. The appropriate equations for these quantities are:
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AE ECGcaSb _E GanAs (l a)

AEV =E GrAsSb -- EaInAs (lb)

E -z= EGaInAs - EGaAssb (1c)

To test the applicability of this technique, the Type-Il bandgap of Gao. 471n0.53As/GaAsO. 51Sb0 .49
was modeled. For room temperature parameter values, the calculated Type-Il band gap was 492
meV (corresponding to a cutoff wavelength of 2.52 jim) using Eq. (1c) above. When quantization
effects are considered, the detection wavelength from the modeling and experiment agree well (cf.
experimental results in Figures 5 and 6). The model has been extended to include materials with
epitaxial strain within 2% of an InP substrate. We expect to achieve very high quality material
with the targeted low strains of no greater than 2% since, in earlier work, Profs. Holmes and
Campbell at UT-Austin have shown shorter wavelength, high performance p-i-n and avalanche
photodiodes on GaAs substrates using GaAsSb with more than 2% strain[6,7].

Table 1 shows the expected band gap energies for different combinations of strain in the GaInAs
and GaAsSb layers. In this table, compressive strain is positive and tensile strain is negative. For
the longest wavelengths, a combination of compressively strained GaAsSb and tensile strained
GaInAs is required. Since the strain in the superlattice layers alternates, strain compensation can
be used to allow for the growth of thick absorption regions to provide high quantum efficiencies
and detectivities.

Table 1: Expected Room Temperature Type-II Band Gap Energy and Band Gap Wavelength for
various compositions of GaInAs/GaAsSb heterostructures. Compressive strain is positive (+) and
tensile strain is negative (-).

GaInAs/GaAsSb GaInAs GaAsSb Type-Il Band Type-II Band Gap
Compositions Strain Strain Gap Energy (meV) Wavelength (gim)

Gao.471n0.53As/GaAs0 .51Sb0 .49  0% 0% 492 2.52

Gao.611n0.39As/GaAs0 .38Sbo.62  -1% +1% 419 2.96

Gao.681n0.32As/GaAso. 31Sb0 .69  -1.5% +1.5% 378 3.28

GaO. 54In0.46As/GaAso.31Sb0 .69  -0.5% +1.5% 323 3.84

Gao.61in0.39As/GaAs0.24Sb0 .76  -1% +2% 286 4.34

Gao.54Lno 46As/GaAsO. 24Sb0 .76  -0.5% +2% 253 4.91

We have already shown that the preliminary calculations of the predicted detection cutoff
wavelength of the GaxJInl1 As/GaAsySbi-y heterostructure system using the Model Solid Theory
agree well with the spectral response data obtained for the lattice-matched
Gao.471nO.53As/GaAso. 51Sb0 .49 absorbers characterized in p-i-n structures. Table 1 shows how
strain compensation can be used to allow for the growth of thick absorption regions to provide
high quantum efficiencies and detectivities. For instance, the composition shown in row 2 of
Table 1 is predicted to have a cutoff wavelength of 2.96 Rm after introducing alternating strains of
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+1% and -1%. By using GaInAs and GaAsSb layers of identical thickness, the strain is precisely
compensated. Row 3 illustrates a composition for achieving a 3.28 pLm cutoff through the use of
compensated 1.5% strain.

In Row 5 of Table 1, we include a composition in which the tensile -1% strain in the GaInAs
must be accompanied by compressive +2% strain in the GaAsSb. To achieve strain compensation
in this case, the GaAsSb layers must be half the width of the GaInAs layers. This situation is
fortuitous since a wider GaInAs layer will provide mini-band states for the electrons that are
closer to the conduction band (as in the limit of a wide quantum well), while a narrower GaAsSb
layer can be tolerated since the mini-band states for the relatively heavier holes will remain near
the valence band. According to the model, the resulting structure will provide a cutoff
wavelength beyond 4.3 pgm.

There are numerous aspects of this modeling to be explored in greater detail since there are many
physical properties of these SL structures to be optimized. Aside from the effective bandgap,
which dictates the cutoff wavelength, the SL design will impact other critical parameters such as
the material absorption coefficient (which depends on the degree of overlap between the electron
and hole wavefunctions) and the carrier collection efficiency (which depends on the degree of
overlap between quasi-localized carrier wavefunctions in neighboring wells). The absorption
coefficient and carrier collection efficiency both directly impact the overall quantum efficiency of
the resulting detector. Nevertheless, despite these opportunities for a more thorough
understanding this SL system, the promise of designing MWIR APDs with it has already been
demonstrated by the results of our Phase I effort.

5. Technological Feasibility for MWIR APDs based on InP Substrates

We believe there are several physical and technological factors inherent in the MWIR APD
design pursued in this program that make this design extremely promising for high-performance
MWIR detection at operating temperatures consistent with thermo-electric cooling. We have
discussed the benefit of using a superlattice based on GaInAs and GaAsSb. The effective
bandgap of the resulting superlattice can be tuned through the use of quantum confinement effects
controlled by choice of layer thickness as well as through the introduction of compensated strain.
Additionally, the relatively larger bandgaps of these two bulk materials (-0.75 eV at 300 K)
should help to minimize leakage currents. For structures with a 2.5 pm SL cutoff, we have
demonstrated low dark currents (10 - 100 nA) for both p-i-n and APD structures at temperatures
accessible using thermoelectric coolers. These first iteration results suggest that further
optimization will yield extremely high performance devices for -2.5 pm devices, and we believe
the prospects are good for achieving high performance devices well beyond 4 ptm based on the
results of our SL modelling.

Aside from the promise of high performance described in detail earlier in this report, it is of great
significance that the superlattice structure studied is lattice-matched to InP substrates. This
compatibility with an InP materials systems is extremely significant for the following reasons:

(i) Applicability of present InP lattice-matched multiplication regions. The ability to use InP
substrates with MWIR absorbers will allow us to employ very well-understood multiplication
region designs. The most widely deployed multiplication region used in III-V semiconductor
APDs is binary InP itself. Although other materials have been studied in recent years to develop
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lower noise, higher gain-bandwidth product multiplication regions, InP is still by far the most
technologically mature material used for IIl-V APD multiplication regions. Scientists at PLI have
nearly 10 years of experience designing and fabricating commercial APDs for
telecommunications wavelengths based on InP multiplication regions, and we expect that the first
commercially viable MWIR APD will be realized using a similar design approach. For further
improvements in device performance, there is a clear path through the implementation of more
favorable bulk materials, such as InAlAs lattice-matched to InP, or through the use of impact
ionization engineered multiplication regions pioneered by the UT-Austin investigators on this
program.

(ii) Leverage advances in InP-based epi-growth over the past decade. Tremendous improvements
have been realized in recent years in the epi-growth quality of the InP-based materials systems.
Commercial vendors routinely achieve sub-l% variations in epi-layer thickness across an entire
3-inch InP wafer and have shrunk their tolerances on all growth parameters considerably.
Material quality has already improved substantially, as measured by the reduction in background
doping densities of typical growth runs today by almost an order of magnitude relative to typical
growth results from just five to ten years ago.

(iii) Mature wafer foundry capabilities for processing InP-based structures. In particular, the
maturity of key processes for realizing high-quality planar passivated diffused p-n junction
photodetectors gives devices manufactured on this platform low dark current, long-term
performance stability, and high reliability. The re-use of other existing materials and processes,
including high-quality dielectrics (e.g., SiN) and contact metallizations (e.g., TiPtAu p-contacts
and AuGeNiAu n-contacts), also builds confidence in the viability of MWIR APDs based on
these platform processes.

(iv) Availability of high-quality 4-inch InP substrates. The migration of a new MWIR detector
technology to array formats will be greatly facilitated by the availability of high-quality large
diameter substrates. The use of larger InP substrates provides an obvious economy of scale for
large dimension detector arrays; but it also provides a less obvious, though very substantial,
improvement in device yield and overall quality since more precise processes and tools (such as
projection lithography and cassette-to-cassette robotic handling) are much more readily available
for processing 4-inch wafers.
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